In Europe, people spend 1-1.5 hr/day traveling (World Health Organization 2005) . Because most of the traveling occurs during rush hours, commuting contributes significantly to total exposure to transport-related air pollution. Exposure to air pollution in traffic has been related to short-term cardiovascular and respiratory health effects in a small number of studies (Adar et al. 2007; McCreanor et al. 2007; Peters et al. 2004; Riediker et al. 2004; Strak et al. 2009 ).
Air pollution levels in various transport modes have been compared in a limited number of studies. In most studies, exposure to particulate matter was higher in buses and cars than were exposures encountered during walking or cycling (Kaur et al. 2007 ). Rank et al. (2001) measured higher total dust concentrations when driving in cars than when riding on bicycles. Adams et al. (2001a Adams et al. ( , 2002 detected highest exposures to PM ≤ 2.5 µm in aerodynamic diameter (PM 2.5 ) in buses, followed by cars, and lowest on bicycles. They found that elemental carbon (EC) exposure was highest when riding in cars, followed by buses, and lowest when riding on bicycles. In another study, McNabola et al. (2008) found that PM 2.5 exposures were highest in buses, followed by cars and bicycles, and lowest when walking. In contrast, Briggs et al. (2008) found exposures to coarse, fine, and ultrafine particles to be higher when walking on sidewalks than when driving in a car. Boogaard et al. (2009) found slightly higher particle number counts (PNCs) and PM 2.5 exposure levels when driving in cars than when riding on bicycles.
Exposure levels are influenced by the mode of transport and by the route and type of vehicle. For walkers and cyclists, PM exposures are higher on high-traffic routes than on low-traffic routes (Adams et al. 2001a; Kaur et al. 2005; McNabola et al. 2008; Strak et al. 2009; Thai et al. 2008) . Adams et al. (2001a) measured higher PM 2.5 levels in open-back buses than in closed buses, and Hammond et al. (2006) measured three to four times higher PNC in diesel buses than in compressed natural gas buses or buses with oxidation catalysts. Several studies concluded that a significant portion (up to 30%) of air pollutants in (school) buses is due to self-pollution (Adar et al. 2008; Behrentz et al. 2004 ). For example, opening windows during driving, idling of the bus, and opening bus doors led to higher in-bus exposures (Asmi et al. 2009; Hammond et al. 2006) .
It is currently difficult to precisely quantify differences in air pollution exposure between different modes of transport. One reason is that in most studies, exposures in different modes were not measured simultaneously; thus, background concentrations may have been different. Some studies reported air pollution levels from background monitoring stations to indicate different conditions between the different sampling days (Adams et al. 2001a; Fondelli et al. 2008; Thai et al. 2008 ). However, different particle samplers often were used to measure exposure of commuters and at fixed sites (typically routine monitors), which made quantitative comparisons between commuters' exposure and urban background sites difficult.
To overcome some of the limitations of previous studies, we decided to conduct a larger scale study that systematically compares exposure levels between different modes of transport. The aim of the present study was to quantify differences in exposure to air pollutants in traffic compared with simultaneously measured urban background concentrations and to examine the differences in air pollution exposure associated with commuting by car, bus, and bicycle.
Materials and Methods
The TRAVEL (Transport Related Air Pollution, Variance in Commuting, Exposure and Lung Function) study examined commuters' exposure to air pollution and associated health effects. Exposures to PNC, PM 2.5 , PM 10 , and soot were measured in diesel and gasoline-fueled cars, in diesel and electric trolley buses, and along two bicycle routes with Background: Commuters are exposed to high concentrations of air pollutants, but little quantitative information is currently available on differences in exposure between different modes of transport, routes, and fuel types. oBjectives: The aim of our study was to assess differences in commuters' exposure to traffic-related air pollution related to transport mode, route, and fuel type. Methods: We measured particle number counts (PNCs) and concentrations of PM 2.5 (particulate matter ≤ 2.5 µm in aerodynamic diameter), PM 10 , and soot between June 2007 and June 2008 on 47 weekdays, from 0800 to 1000 hours, in diesel and electric buses, gasoline-and diesel-fueled cars, and along two bicycle routes with different traffic intensities in Arnhem, the Netherlands. In addition, each-day measurements were taken at an urban background location. results: We found that median PNC exposures were highest in diesel buses (38,500 particles/cm 3 ) and for cyclists along the high-traffic intensity route (46,600 particles/cm 3 ) and lowest in electric buses (29,200 particles/cm 3 ). Median PM 10 exposure was highest from diesel buses (47 µg/m 3 ) and lowest along the high-and low-traffic bicycle routes (39 and 37 µg/m 3 ). The median soot exposure was highest in gasoline-fueled cars (9.0 × 10 -5 /m), diesel cars (7.9 × 10 -5 /m), and diesel buses (7.4 × 10 -5 /m) and lowest along the low-traffic bicycle route (4.9 × 10 -5 /m). Because the minute ventilation (volume of air per minute) of cyclists, which we estimated from measured heart rates, was twice the minute ventilation of car and bus passengers, we calculated that the inhaled air pollution doses were highest for cyclists. With the exception of PM 10 , we found that inhaled air pollution doses were lowest for electric bus passengers. conclusions: Commuters' rush hour exposures were significantly influenced by mode of transport, route, and fuel type. volume 118 | number 6 | June 2010 • Environmental Health Perspectives low-and high-traffic intensity. To determine doses of inhaled air pollution, we estimated minute ventilation (ventilation rate per minute) for the three commuting modes by measuring the heart rates of 34 volunteers. The relation between heart rate and minute ventilation was determined for each volunteer ).
Transport modes and urban background. We collected particle samples between 0800 and 1000 hours on 47 weekdays (Tuesdays and Thursdays), with samples collected for each mode of transportation on approximately one-third of the days. Collection days were evenly spaced over 1 year, from June 2007 until June 2008, to include a range of meteorological conditions.
In total, we had 47 sampling days; of these, one-third of the collections were made in cars, one-third in buses, and one-third on bicycles. The measurements were taken in varying order. Thus, on one-third of the days, we measured exposures simultaneously in a diesel and a gasoline-fueled car. The cars were new rental, multiperson vehicles; we used two diesel models-the Ford S-Max and the Volkswagen Sharan, and four gasoline-fueled models-Ford Galaxy, Renault Espace, Seat Alhambra, and Peugeot 807. Car windows were closed during sampling, and air conditioning was set at a moderate level.
On one-third of the days we measured exposures in an electric trolley bus and a diesel bus simultaneously, during the regular service of the buses; hence, during the trip passengers got on and off. The buses were not equipped with air conditioning, windows were closed during sampling, and smoking was not allowed. The mean age of both diesel and electric buses was 7 years old (the two newest buses were 5 years old, the two oldest buses were 18 and 10 years old). Diesel buses were retrofitted with particulate filters.
On the remaining one-third of the days we measured exposures simultaneously along two cycling routes with different traffic intensity. Technicians rode three-wheeled cargo bicycles to transport the equipment.
The 22-km route was the same for the cars, buses, and the high-traffic bicycle route. It covered the center of Arnhem, a mediumsized Dutch city (145,000 inhabitants), and followed roads with an average traffic intensity of 15,000 vehicles/day (range, 7,000-30,000 vehicles/day). To examine the difference in exposure when cycling along high-and lowtraffic roads, the second bicycle route followed roads with less traffic, at some distance from the other route (Figure 1) . We selected the streets with the least amount of traffic to maximize the contrast with the high-traffic route. Average traffic intensity on this 22-km route was approximately 5,000 vehicles/day and varied from car-free roads to roads with 30,000 vehicles/day on small sections of the route that overlapped with the high-traffic route. The cars drove the route twice, the buses went around one and two-third times, and the bicycles were driven around once and doubled a small portion (10%) of the route to complete 2 hr.
On each sampling day, at the same time interval, we collected samples at an urban background location that was situated near the start and end point of the route, 250 m from main roads (Figure 1 ), using the same types of samplers.
Measurement methods. We measured PNCs with three portable, real-time condensation particle counters (CPCs; model 3007, TSI, Inc., Shoreview, MN, USA).
This CPC uses 1-propanol as condensation liquid and measures particles > 10 nm. One-second averages were recorded. We compared quality assurance tests on the three CPC3007 units with one TSI CPC3022 unit [see Supplemental Material (doi:10.1289/ ehp.0901622)].
We measured PM 2.5 using real-time active-sampling personal DataRAMs (model 1200; MIE Inc., Bedford, MA, USA), equipped with PM 2.5 cyclones (model GK 2.05 KTL; BGI Inc., Waltham, MA, USA) and pumps with a flow of 4 ± 0.4 L/min (AFC400s, BGI Inc.). The DataRAMs were calibrated by the manufacturer against SAE fine (ISO fine) (International Organization for Standardization, Geneva, Switzerland) dust. One-second averages were recorded. Before each measurement, we performed a zero check using a high-efficiency particulate (HEPA) filter (provided by TSI). A correction factor was used to correct for relative humidity (RH) [see Supplemental Material (doi:10.1289/ehp.0901622)].
We collected PM 10 on 37-mm 2-µm poresize Teflon filters, using Harvard Impactors (Air Diagnostics and Engineering Inc., Naples, ME, USA) and pumps (model SP-280E, Air Diagnostics and Engineering Inc., Harrison, ME ) with a flow of 10 ± 0.5 L/min.
We determined soot content of the filters using a smoke stain reflectometer (model M43D, Diffusion Systems Ltd., London, UK). We measured reflectance at five different positions on each filter and calculated the average into an absorbance coefficient according to ISO 9835 (Cyrys et al. 2003) . To facilitate calculation of doses, we converted soot (absorption) levels into EC concentrations using the equation EC = 1.6053 × absorption -0.2620 (Cyrys et al. 2003) . Exposures are expressed as soot (absorption) levels and doses as EC.
Additional details on quality assurance are reported in the Supplemental Material (doi:10.1289/ehp.0901622).
We used voice recorders on 3 of the 16 bicycle sampling days to record events such as passing mopeds and passing buses. We obtained meteorological data (temperature, rain, wind speed, wind direction) from a meteorological station near the city center of Arnhem.
To estimate the minute ventilation during commuting by bicycle, car, and bus, heart rates of the participants were recorded during commuting using Polar RS400 heart rate monitors (Polar Electro, Kempele, Finland). All participants performed a submaximal bicycle ergometer test during which heart rate and minute ventilation were measured simultaneously at increasing cycling intensity. Minute ventilation was measured using a pneumotachometer (Jaeger, Viasys Healthcare, Hoechberg, Germany). The tests have been described in more detail elsewhere (Zuurbier Data analysis. We used Wilcoxon signedrank tests to test differences between the simultaneously measured air pollution concentrations in the various transport modes and the urban background concentration, because parametric t-tests were influenced by outliers. We defined level of significance as p < 0.05. For the continuous PNC and PM 2.5 data, we compared 2-hr mean values. For comparisons between measurements in transport and at the urban background location and between two modes that were measured simultaneously, we calculated ratios for each sampling day and calculated median and interquartile ranges of the daily ratios.
To compare measurements that were taken on different sampling days, we corrected air pollution concentrations for absolute differences between the mean background concentrations during all sampling days and the background concentration of each sampling day, following previous studies (Cyrys et al. 2003) . We used Kruskal-Wallis tests to test for differences between transport modes. We only used days with complete data sets in the analyses, and all analyses were performed using SAS (version 9.1; SAS Institute Inc., Cary, NC, USA).
Results
Short-term exposure variability. Figure 2 shows examples of the observed temporal variations of the PNCs found during commuting by car, bus, and bicycle. The PNCs on both bicycle routes were characterized by short, high peaks of 400,000-500,000 particles/cm 3 . Using the voice recorder data, we found that some of the peaks during cycling could be attributed to passing mopeds and buses and to cycling on busy roads. PNCs in cars and buses showed fewer, lower peaks, mostly < 200,000 particles/cm 3 . Peaks in cars and buses typically lasted up to 5 min.
PNCs were clearly higher in the city center where streets are enclosed by high buildings on both sides, which causes a street canyon effect [see Supplemental Material, Differences in exposure between modes of transport and background. Figure 4 and Table 1 summarize exposure levels during commuting. Levels of all measured pollutants were significantly higher for all modes of transport compared with urban background levels. We found the smallest contrast between commuting and background concentrations for PM 10 and the largest contrast for soot. Absolute PM 2.5 concentration levels should be interpreted with care, because concentrations from the light-scattering method were frequently higher than the gravimetrically determined PM 10 concentrations. Differences between in-traffic exposure and background PNC exposures are smaller for 2-hr median values than for 2-hr mean values, especially for bicycles. This is explained by the many peaks occurring during bicycle rides that affected mean values more than median values. For PM 2.5 , differences between median and mean values are small, reflecting fewer peaks in PM 2.5 [see Supplemental Material, Figure 4 ). On 7 of the 15 bus sampling days, the diesel buses were retrofitted with diesel particulate filters. Differences in Concentrations of all pollutants in gasolinefueled cars were similar to concentrations in diesel cars. Sixteen different cars of six models were used throughout the study, so comparisons of different car models were not possible. The average soot concentration ratio of diesel to gasoline-fueled cars was 0.87 (range, 0.65-1.19) for the 13 days with diesel cars equipped with particulate filters, and 1.00 and 1.16 on the 2 days with diesel cars without filters.
Soot levels and PNCs were higher along high-traffic bicycle routes than along lowtraffic bicycle routes.
Average meteorological conditions differed between the three types of sampling days [see Supplemental Material, Table  2 (doi:10.1289/ehp.0901622)]. There was more rainfall and higher wind speed on bus sampling days. Background concentrations of PNCs, PM 2.5 , and soot were significantly lower on bus sampling days than on car and bicycle sampling days. Background PM 10 was significantly lower on car sampling days compared with bus and bicycle sampling days.
After correction for differences in background levels, PNC was highest along the high-traffic bicycle route and lowest in electric buses (Table 2) . PM 10 exposure was highest in diesel cars and diesel buses and lowest along both bicycle routes. Soot exposure was highest in diesel buses and gasoline-fueled cars and lowest along both bicycle routes and in electric buses. PM 2.5 showed a different pattern: concentrations along the bicycle routes and in cars were higher than in buses. PM 2.5 results were sensitive to RH, probably related to the applied correction factor. When only taking into account samples with mean RH < 90%, PM 2.5 differences between diesel and electric buses and between diesel and gasoline-fueled cars remained significant, but differences among buses, cars, and bicycles disappeared.
Relative differences in PNC and PM 2.5 exposures between diesel and electric buses, diesel, and gasoline-fueled cars and the two bicycle routes were similar in the first and second (less busy) hour of the commute. Buses and cars drove the same route, but in the second hour the buses drove more slowly and thus less of the route than did the cars. The differences in PNC and PM 2.5 exposures between buses and cars were the same in the first hour compared with the full 2 hr.
Differences in inhaled doses. Because of their increased physical activity, minute ventilation of cyclists was higher than that of car and bus passengers. In this study the estimated minute ventilation of cyclists was on average 23.5 L/min, varying from 11.6 to 47.7 L/min between the 34 men and women. The average minute ventilation of car passengers was 11.8 L/min, varying from 5.1 to 20.9 L/min, and the average minute ventilation of bus passengers was 12.7 L/min, varying from 5.4 to 19.5 L/min ).
On average, the minute ventilation of cyclists was 2.1 times higher than that of car passengers and 2.0 times higher than that of bus passengers. Minute ventilation of bus passengers was 1.1 times higher than that of car passengers.
Inhaled doses of all air pollutants were highest in cyclists (Table 2 ). Inhaled doses of PNC and PM 2.5 of cyclists was twice as high as that of car and bus passengers, whereas inhaled doses of PM 10 and EC (calculated using the soot levels) were substantially less than twice as high. PM 10 dose was higher for bus than car passengers, whereas EC doses were comparable for passengers of diesel buses and both cars and lowest for passengers of electric buses.
Discussion
Exposures to PNC, soot, PM 10 , and PM 2.5 during commuting were significantly elevated compared with urban background concentrations. Exposures were higher in diesel buses than in electric buses and higher along hightraffic bicycle routes compared with lowtraffic bicycle routes, especially for soot and PNC. Exposure levels in diesel and gasolinefueled cars were comparable. PM 10 and soot exposures of cyclists were lowest, whereas PNC exposure in electric buses was lowest. Because of their increased minute ventilation, the inhaled doses of all studied air pollutants were highest for cyclists. Inhaled doses of electric bus passengers were lowest for all studied air pollutants except for PM 10 .
Comparison with urban background. The substantial contrast in commuters' exposure compared with the urban background is consistent with previous studies (Kaur et al. 2007) . Our study has added a comparison made simultaneously with the same equipment, thus ruling out potential bias related to temporal variation and sampling method.
The PM 2.5 contrast is larger than found in previous studies. This could be related to the measurements being performed in the rush hour only versus typically daily samples in the fixed-site monitoring studies or to sampling errors of the DataRAMs. We corrected PM 2.5 readings for RH. When omitting PM 2.5 values with RH > 90%, differences among buses, cars, and bicycles disappeared.
Differences between diesel and electric buses, diesel and gasoline-fueled cars, and bicycle routes. PNC and soot levels were 32% and 46% higher in diesel buses compared with electric powered buses. Diesel buses have not been compared with electric buses before. In-bus exposures are affected by the bus doors opening frequently to let passengers on and off the bus, letting in the air pollution from outside. For diesel buses, a portion of the diesel exhaust of the bus itself contributes to the in-bus exposure. The contrast agrees with the self-pollution of up to 30% reported for U.S. school buses (Adar et al. 2008; Behrentz et al. 2004 ). The smaller difference in PM 10 exposure between diesel and electric buses can be explained by passengers causing resuspension of PM 10 in both types of buses (Song et al. 2009) . Differences between buses with and without retrofitted particulate filters were small and not significant, but the number of measurements may not have been sufficient to detect differences. Our study suggests that the use of clean buses may be beneficial both for urban air quality and for bus passengers.
We found no significant differences between levels of air pollutants in diesel and gasoline-fueled cars, except for soot: In-car exposures to soot were lower in diesel cars than in gasoline-fueled cars. Possibly because of the limited number of samples in diesel cars without particulate filters, we did not detect a potential impact of particulate filters on the soot exposure in diesel cars. The major difference between cars and buses is that doors do not open regularly, so infiltration of exhaust from the car itself is less likely. We used new cars (maximum of 6 months of use). In older diesel cars, exposure levels might be higher, but from this study we conclude that for new cars there is no difference in PM exposure inside the vehicles. The rental cars were all about the same size, but not of the same model. Thus, measured air pollution levels are representative of these types of cars in general.
Cyclists on the high-traffic route were exposed to 40% higher levels of PNC and 35% higher levels of soot compared with cyclists on the low-traffic route. Exposure to PM 10 and PM 2.5 did not differ significantly. Kaur et al. (2005) found a 40% difference in PNC exposure among cyclists and pedestrians who traveled along high-versus low-traffic roads in Central London. Strak et al. (2009) found differences in PNC and soot of 60% and 40%, respectively, between two cycling routes with different traffic intensities, but no difference in PM 2.5 . Adams et al. (2001b) found differences in PM 2.5 of 20-50% between low-and hightraffic bicycle routes in Central London.
Contrasts in commuters' exposures in this study were slightly smaller than in most other studies, probably because the exposure levels on the high-traffic route were lower, especially lower than in Central London. Despite efforts to select streets with very low traffic, sections of the low-traffic bicycle route were used as a shortcut to avoid the congested major streets during morning rush hour. The carfree roads in the route were frequently used by mopeds, which have been shown to be an important source of cyclists' exposure to PNCs ).
By choosing a low-traffic route, cyclists can reduce their air pollution exposure. However, within the current Dutch infrastructure it is not easy to avoid all contact with motorized traffic.
Differences in exposure between modes of transport. Compared with cyclists, PM 10 exposures of bus and car passengers were 60% and 20% higher, respectively. The small study of Rank et al. (2001) detected 70% more total PM exposure in cars compared with exposure on bicycles, similar to our data. Resuspension of coarse PM probably partly explains the difference in exposure. The significantly higher soot concentration in cars and diesel buses versus cyclists is in agreement with results of Adams et al. (2002) , who measured 70% higher EC exposures in cars compared with cyclists and 20% higher EC in buses compared with cyclists.
Exposures to PM 2.5 were comparable in all modes in our study. In electric buses levels were slightly lower and in gasoline-fueled cars slightly higher than in all other modes. Kaur et al. (2005) and Boogaard et al. (2009) also found only small differences in PM 2.5 concentrations between cars, diesel buses, and bicycles. Average differences in PNC exposure were small among cyclists, car, and diesel bus passengers in the present study. Diesel bus passengers and cyclists along the high-traffic route experienced 10-30% higher PNC exposure than did car passengers and cyclists on the low-traffic route. PNC exposure in electric buses was clearly lowest. Boogaard et al. (2009) ). We found almost two times higher pollution doses in cyclists for PNC; the differences in soot (EC) and PM 10 were more modest. In view of the heavy equipment slowing down the speed of the cargo bike, the speed of cycling in the study was relatively low (12 km/hr) compared with average cycling speeds, which are around 15 km/hr, so this study may underestimate minute ventilation levels and consequently the inhaled dose of air pollutants during normal cycling. However, in the one previous study that compared minute ventilation of cyclists (cycling at 17 km/hr) with that of car drivers (van Wijnen et al. 1995) , the ratio was 2.3, comparable to our average ratio of 2.1.
Traveling time also influences the doses of inhaled air pollutants. Because traveling time depends on the route and on the time of day-during rush hour cyclists and buses using separate bus lanes may travel faster than cars, whereas in most other situations cars travel faster-we did not take this into account in our study.
Potential policy implications. This study shows that exposure to air pollutants is significantly lower in electric powered buses than in diesel buses. The use of clean buses, such as electric buses, is therefore beneficial not only for outdoor air quality but also for bus passengers. Policy makers are encouraged to increase the use of clean buses, such as electric buses.
Cyclists are exposed to air pollutants from surrounding traffic. The higher minute ventilation of cyclists especially increases the inhaled doses of air pollutants. Health implications of exposure to short, high peaks during cycling instead of the lower, longer peaks in cars and buses are not clear but could be important (Peters et al. 2004) . Because the positive health effects of cycling (Baumann 2004; de Geus et al. 2009 de Geus et al. , 2008 Hendriksen et al. 2000) likely outweigh the health risks of increased pollution loads, and because cyclists do not emit any air pollutants and thus contribute to clean air, cycling should not be discouraged. Cyclists should be encouraged to choose for low-traffic routes by making them aware of the potential health benefits and by route planners with options to choose for low-traffic routes. City planners should create bicycle lanes with less (preferably no) contact with motorized traffic. In view of the intimate mixing of bicycles and mopeds in the Netherlands, further improvements can be expected from the replacement of spark engine by electric mopeds. 
